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ABSTRACT: Bucket foundations have been widely used in marine engineering, such as offshore wind
power, due to their anti-overturning performance and convenient installation. In China’s coastal areas, clay
soil is widely distributed, and most of the seabed has layered clay. However, the bearing capacity of bucket
foundations in layered soil is significantly different from that in homogeneous soil. Currently, there is
relatively little research on the bearing capacity of bucket foundations in layered clay. Therefore, the finite
element analysis method is adopted to establish a bearing capacity calculation method of bucket foundations
in double-layer clay. The axial failure mechanisms and ultimate bearing capacity of bucket foundations in
double-layer clay are deeply discussed, and the corresponding ultimate bearing capacity calculation method
is given based on the numerical analysis results. The combined bearing capacity of bucket foundations in
double-layer clay is fully analyzed, and the evolution method of V-H, V-M, H-M, and V-H-M failure
envelopes is given.

Keywords: Bucket foundation; Numerical analysis; Double-layered clay; Offshore wind power

1. Introduction

With the increasing global demand for clean energy, wind power has gained significant attention as an
important new type of clean energy. Offshore wind energy, leveraging superior wind resources over the
ocean, has become a focal point of development [1]. As a typical marine engineering structure, the overall
service reliability of offshore wind turbine structures is closely related to the mechanical performance of
tubular joints [2]. The foundation structure, being the core load-bearing component of offshore wind
turbines, plays a decisive role in ensuring construction safety and long-term service life. The bucket
foundation, with its advantages such as high overall stiffness, strong anti-overturning capacity, and
relatively high construction efficiency, has gradually emerged as a mainstream choice, laying a solid
foundation for the large-scale development of offshore wind power [3].

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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Currently, research on the bearing characteristics of bucket foundations mainly focuses on
homogeneous soil conditions, where the ultimate bearing capacity of the foundation has been thoroughly
studied [4—6]. Gourvenec et al. [7,8] analyzed the foundation bearing capacity and surrounding soil
movement of bucket foundations under vertical loading through centrifuge tests; Hung and Kim [9]
employed finite element methods to examine the vertical and horizontal bearing capacity of bucket
foundations in clay soil, providing corresponding calculation formulas; Liu Run [10] and Wang Jiayu [11]
et al. derived the upper-bound solutions for the bearing capacity based on the failure mechanisms of bucket
foundations in clay soil.

However, the seabed exhibits complex and variable forms; existing studies have demonstrated that
different types of layered soils can significantly affect the ultimate bearing capacity of bucket foundations
[12—14]. Park et al. [15] investigated the vertical bearing capacity of bucket foundations in sand-over-clay
layered soils using numerical analysis methods, and proposed a calculation formula for foundation bearing
capacity considering various factors such as clay soil strength and sand layer depth. Zhou [16] and Long et
al. [17] analyzed the inclined pullout capacity of suction anchors in layered soils through numerical
simulations and proposed an evaluation method for inclined pullout capacity based on V-H envelopes.
Zhang [18] explored the horizontal bearing characteristics of modified suction caissons in layered soils
through model tests and numerical simulations, studying the effects of load eccentricity and soil layer
distribution on lateral bearing capacity, rotation point position, and soil deformation characteristics. Liu et
al. [19] employed numerical analysis methods to study the bearing characteristics of square foundations in
stiff-over-soft layered clay soils, summarizing the influence patterns of overlying soil layer thickness and the
undrained shear strength ratio between upper and lower soil layers on foundation bearing capacity. Ma
Pengcheng et al. [20] investigated the effects of different soil layer thicknesses and V-H load combinations
on the bearing capacity and optimal loading point position of suction anchor foundations in layered clay soils.

In summary, current research on the bearing characteristics of offshore wind turbine bucket foundation
subsoils primarily focuses on single-layer clay soils or sand-clay interbedded conditions; however, stratified
clay soil foundations are predominant in offshore areas of China. Therefore, this study employs the finite
element method to investigate the bearing characteristics of offshore wind turbine bucket foundations in
double-layered clay. Initially, a suitable numerical model is established and validated. Subsequently, the
vertical, horizontal, and overturning uniaxial failure modes are revealed, and the influence rules of
embedment ratio and soil strength ratio on the uniaxial ultimate bearing capacity are analyzed with
corresponding calculation methods developed. Furthermore, the bearing characteristics and failure
envelope evolution under two-dimensional combined loads (V-H, V-M, H-M) and three-dimensional V-H-
M combined loads are explored.

This study summarizes the core patterns governing the bearing behavior of bucket foundations in
double-layered clay. These findings are expected to provide valuable theoretical support and practical
guidance for the engineering design of offshore structures in China’s coastal double-layered clay regions.

2. Numerical Analysis Methods

To investigate the bearing characteristics of bucket foundations in double-layer clay, numerical
analyses were conducted to determine the foundation bearing capacity at different embedment ratios. All
finite element (FE) analyses are carried out with the software ABAQUS by small strain analyses [21]. This
assumption is well justified for the load conditions and embedment depths considered in this study, as the
dominant failure mechanisms of bucket foundations in clay under typical operational loads are
characterized by relatively small soil deformations.
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2.1. Finite Element Model Establishment

The diameter of the bucket foundation is D = 30 m, with a skirt length of L. The embedment ratio (7 =
L/D)is setton =0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2. The skirt thickness #s = 0.3 m. To minimize the
influence of boundary effects on calculation results, based on the suggestions of previous scholars [4]. The
soil diameter is taken as Dsoil = 5D, and the height Lsoit = 3D + L; The mesh size of the foundation model is
set to { = 0.03D, while the mesh size in the radial and depth directions of the soil is taken as (soil =
0.03D~0.25D, all meshes adopt C3D8 elements.

Due to the inherent symmetry of the structure and to improve computational efficiency, a half-model
was adopted for numerical analysis. The bottom of the soil was fully constrained, while the sides were
horizontally constrained; symmetric boundary conditions were applied at the soil’s symmetrical boundary,
restricting displacement along the normal to the symmetrical plane. The load application point was located
at the center of the cylindrical foundation end face, as shown in Figure 1.

Bucket foundation
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: 50 :I

Figure 1. Numerical analysis model.

The soil is modeled using an ideal elastic-plastic constitutive model based on the Tresca yield criterion,
the submerged unit weight of the soil is taken as ' = 6 kN/m>, conforming to the engineering characteristics
of coastal soft clay in China; the Poisson’s ratio is vsoil = 0.48, approaching the incompressible state of clay
under undrained shear directly affects the stiffness response and stability in numerical calculations, serving
as a key parameter controlling model convergence [22,23]. The undrained shear strengths of the upper and
lower soil layers are defined as sutop and su,pottom, respectively, where sutop = 10 kPa. The interface between
the upper and lower soil layers is located at the tip of the bucket foundation, as shown in Figure 2. The ratio
of undrained shear strength between the upper and lower soil layers (S = sutop/Su,bottom) 1S taken as § = 0.1,
0.2, 0.5, 1, 2. The elastic modulus of the soil is taken as Esoit = 500su.

Upper clay Sutop

Lower clay ——s$y pottom

Figure 2. Soil layer diagram.
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The basic structure adopts a linear elastic model with an elastic modulus of Ebucket = 210 GPa, material
density of pourket = 700 kg/m>, and Poisson’s ratio of vburket = 0.3. The contact type between the bucket
foundation and soil is “surface-to-surface contact”, and the contact behavior satisfies the “rough and non-
separable” assumption. The displacement control method is used to calculate the ultimate bearing capacity
of the bucket foundation, whereas the numerical analysis method complies with the small-displacement
assumption. Gravity is applied only to the submerged portion of the bucket foundation below the mudline
to ensure the bearing capacity is the net capacity, excluding buoyancy effects. The load application direction
follows the recommendations of Butterfield [24], with the sign convention specified in Table 1. RP denotes
the load application reference point, as detailed in Figure 3.

Table 1. Load Symbols and Normalization Processing.

Vertical Horizontal Rotational
Load 4 H M
Displacement w u 0
Uniaxial capacity Vi Hyi M
Bearing capacity factor Nev = Vi/Asy Neu = Hu/Asy Nem = My/ADsy
Normalized load v =V/Vi h = H/Hy m = M/My

Note: A—Cross-sectional area of the bucket foundation.
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W

Figure 3. Load direction specification.

Through numerical analysis of the bearing capacity of bucket foundations under different working
conditions, this study investigates the influence of the undrained shear strength ratio between upper and
lower soil layers and the foundation depth-to-diameter ratio on the ultimate bearing capacity of offshore
wind turbine bucket foundations.

2.2. Model Validation

(1) To verify the accuracy of the model, the uniaxial ultimate bearing capacity of bucket foundations with
different embedment ratios was calculated under homogeneous soil conditions (S = 1). The calculation
results were then compared with the research findings from the previous literature Fu [25] and Vulpe
[26], with the specific comparison results shown in Table 2.

Table 2. Comparison of Axial ultimate Bearing Capacity Results.

[l Data Source Nev Neu Nem
This study 8.83 3.2 1.17
Fu [25] 8.61 2.81 1.02

1/4 error 2.5% 13.8% 14.7%
Vulpe [26] 8.75 2.82 1.01

error 1.6% 0.4% 1%
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This study 10.79 4.57 1.71

Fu [25] 10.69 4.27 1.57

172 error 0.9% 7% 8.9%
Vulpe [26] 11.29 4.15 1.47

error 5.6% 2.8% 6.4%

This study 12.51 5.76 2.56

3/4 Fu [25] 12.48 5.56 2.39
error 0.2% 3.6% 7.1%

This study 13.74 7.06 3.75

1 Fu [25] 14.02 6.65 3.60
error 2% 6.2% 4.2%

The calculation results show a maximum error of 14.7% when compared with previous research
findings, demonstrating good consistency and verifying the accuracy of the numerical model.

(2) To further verify the accuracy of the finite element model, based on the numerical model of the bucket
foundation at S = 1 and 5 = 0.25, the fixed displacement method was adopted to simulate the bearing
capacity of the composite foundation. The calculation results were compared with those of Vulpe et
al., as shown in Figure 4.

1.2
0.9
= 0.6 s
= S
0.3
0.0
0.0 0.3 0.6 0.9 1.2
VIV
(a)
12
------ Vulpe

0.3

| | 9.9 1 | |
-1.2-09-0.6 -03 0.0 03 06 09 1.2
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Figure 4. Comparison of the Bearing Capacity of Composite Foundation. (a) The normalized V-H failure envelope; (b) The
normalized V-M failure envelope; (¢) The normalized H-M failure envelope.
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As can be seen from Figure 4, the envelope generated by finite element calculation shows good
agreement with the computational results in the literature, except that the V-M failure envelope is slightly
higher than the literature results, which verifies the accuracy of using this numerical analysis model for
calculating the bearing capacity of composite foundations with bucket foundations.

In summary, the established finite element model can be used for calculating the ultimate bearing
capacity of bucket foundation subgrades.

3. Uniaxial Bearing Performance of Bucket Foundation in Double-Layer Clay Soil

3.1. Uniaxial Failure Mode of Bucket Foundation

The uniaxial failure mode serves as the foundation for studying the uniaxial ultimate bearing capacity
of offshore wind turbine bucket foundations. By revealing the failure mechanism of soil-foundation
interaction, it can provide a theoretical basis for establishing bearing capacity calculation methods.

3.1.1. Vertical Failure Mode

By analyzing the displacement field of the bucket foundation under vertical ultimate load, the variation
patterns of foundation failure modes under different depth-diameter ratios and undrained shear strength
ratios of soil are discussed, with specific calculation results shown in Figure 5.

Figure 5. Vertical failure mechanisms of bucket foundation.

As shown in the figure, the vertical foundation failure mode of the bucket foundation in double-layer
soil generally exhibits characteristics of the Prandtl failure mode. Under vertical ultimate load, the soil
inside the bucket is constrained by the top cover and side walls, forming an integrated movement trend with
the foundation. A distinct rigid zone is observed in the soil within the foundation, and the area of this rigid
zone increases with the rise in the foundation’s depth-diameter ratio and undrained shear strength ratio of soil.

When the length-to-diameter ratio of the foundation is small, the skirt plate exerts a relatively weak
restraining effect on the soil, allowing it to move laterally and further expanding the soil’s influence range.
When the strength of the lower soil layer is significantly greater than that of the upper soil layer, a weak
zone forms in the internal soil of the foundation compared to the soil at the ends. Under vertical loading,
the foundation cannot effectively transfer the force to the underlying soil, making it difficult for the internal
soil to move downward. As a result, the slip surface of the soil begins to develop upward.
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3.1.2. Horizontal Failure Mode

By analyzing the displacement field of bucket foundations under horizontal ultimate loads, this study
discusses the variation patterns of foundation failure modes under different embedment ratios and
undrained shear strength ratios between the upper and lower soil layers. The specific calculation results are
shown in Figure 6.

Figure 6. Horizontal failure mechanisms of bucket foundation.

As can be seen from the figure, the foundation failure mode of the bucket foundation under horizontal
ultimate load generally exhibits characteristics of the Reserve Scoop failure mode. With the increase of
horizontal load, the soil at the end of the bucket foundation first enters the plastic yield state, and the plastic
zone continuously develops upward along both sides of the barrel wall. Only when the soil strength is
relatively small (S < 0.5), the foundation failure mode manifest as the Internal Hansen failure mode, with
the soil’s slip surface intruding into the interior of the foundation.

When the embedment ratio of the foundation is small, the plastic failure zone of the surrounding soil
extends to the ground surface. This means the combined effect of the cylindrical foundation’s sidewalls and
the soil is relatively weak, and the restraining effect of the sidewalls alone is insufficient to drive the overall
movement of the soil inside the cylinder. As the length-to-diameter ratio of the foundation increases, the
disturbance to the surrounding soil gradually decreases, and the plastic zone no longer extends to the ground
surface, thereby exhibiting characteristics of the Reserve Scoop mode. As the soil strength ratio gradually
decreases—meaning the strength of the soil at the base of the cylinder is significantly higher compared to
the soil inside the foundation—the slip surface of the soil tends to move inward. This makes the soil more
prone to failure inside the foundation, causing the foundation failure mode to manifest as the Internal
Hansen mode.

3.1.3. Overturning the Failure Mode

By analyzing the displacement field of bucket foundations under overturning limit loads, this study
discusses the variation patterns of foundation failure modes under different embedment ratios and
undrained shear strength ratios between upper and lower soil layers. The specific calculation results are
shown in Figure 7.

As can be seen from the figure, the failure mode characteristics of bucket foundations under
overturning loads mainly involve rotational failure around a certain axis, exhibiting features of Scoop Slide
mode, Forward Scoop mode, and Intermal Double Scoop mode, respectively. Under the same undrained
shear strength ratio of soil, the failure mode of bucket foundation transitions gradually from Scoop Slide
mode to Forward Scoop mode as the embedment ratio increases. Only when the undrained shear strength
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ratio of soil is relatively small (S < 0.5) does the soil slip surface penetrate the foundation interior,
demonstrating characteristics of the Intermal Double Scoop mode.

Figure 7. Moment failure mechanisms of bucket foundation.

As the embedment ratio of the foundation increases, the lateral earth pressure on both sides of the
cylindrical wall rises, leading to a reduction in the disturbance range around the foundation. This causes
the failure mode of the foundation to gradually transition from the Scoop Slide mode to the Forward Scoop
mode. When the strength of the internal soil within the foundation is slightly lower than that of the soil at
the skirt tip, the slip surface of the soil under overturning loads tends to develop more inward, exhibiting
characteristics of the Internal Double Scoop mode.

3.2. Evolution Law of Uniaxial Ultimate Bearing Capacity

The uniaxial ultimate bearing capacity of bucket foundations was normalized using the foundation
cross-sectional area, foundation diameter, and undrained shear strength of the soil at the base (su,bottom), the
study investigated the evolution patterns of the uniaxial ultimate bearing capacity coefficient with respect
to the foundation depth-to-diameter ratio and the undrained shear strength ratio between upper and lower
soil layers.

3.2.1. Vertical Ultimate Bearing Capacity

Figure 8 shows the variation curves of the vertical ultimate bearing capacity factor Nev with the
undrained shear strength ratio of upper and lower soil layers and the foundation depth-to-diameter ratio.

30r —e— =025 —e— 7205
—4—7=0.75 —V— =1
21 —+— =125 —— =15
—— =175

Figure 8. Vertical bearing capacity in double-layer clay.

As can be seen from Figure 8, under the condition of the same depth-to-diameter ratio, the undrained
shear strength ratio of the upper and lower soil layers has a significant influence on the vertical bearing
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capacity factor of the foundation. Specifically, with the continuous increase of the undrained shear strength
ratio of soil, the vertical bearing capacity factor of the bucket foundation shows an approximately linear
growth trend, but the growth rate gradually decreases.

The variation patterns of foundation bearing capacity for bucket foundations in double-layer cohesive
soil and single-layer soil are similar. With the increase of depth-to-diameter ratio, the vertical foundation
bearing capacity coefficient generally increases. In double-layer clay soil, the vertical foundation bearing
capacity coefficient of bucket foundations also improves with the increase of undrained shear strength ratio
of soil.

3.2.2. Horizontal Ultimate Bearing Capacity

Figure 9 shows the variation curves of the horizontal ultimate bearing capacity factor Nen with the
undrained shear strength ratio of upper and lower soil layers and the foundation depth-to-diameter ratio.

36

[ —=— =025 ——7=05
——17=0.75 —— =1

=125 =15
——n=175 —e— =2

27F

Figure 9. Horizontal bearing capacity in double-layer clay.

As can be seen from Figure 8, under the condition of the same foundation depth-to-diameter ratio, the
horizontal ultimate bearing capacity coefficient of the bucket foundation gradually increases with the
continuous increase of the undrained shear strength ratio between the upper and lower soil layers, but the
growth rate gradually decreases. Under the condition of the same undrained shear strength ratio of soil, as
the foundation depth-to-diameter ratio increases, the horizontal ultimate bearing capacity coefficient of the
foundation also increases, but the variation in growth rate is relatively small.

3.2.3. Ultimate Anti-Overturning Bearing Capacity

Figure 10 shows the variation curves of the ultimate anti-overturning bearing capacity coefficient Nem with
the undrained shear strength ratio of upper and lower soil layers and the foundation depth-to-diameter ratio.

O e 2025 —o— 7=0.5

—4—7=0.75 —— =1

=125 =15
—— =175 —e— =2

27F

Figure 10. Moment bearing capacity in double-layer clay.
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As can be seen from Figure 10, like the variation pattern of horizontal ultimate bearing capacity at the
foundation level, the ultimate anti-overturning bearing capacity coefficient of the bucket foundation
gradually increases with the continuous growth of undrained shear strength ratio of soil, but the growth rate
progressively decreases. As the depth-diameter ratio of the foundation continues to increase, the ultimate
anti-overturning bearing capacity coefficient likewise rises, and the growth rate shows some acceleration.

3.3. Calculation Method for Uniaxial Ultimate Bearing Capacity

Based on the calculation results, the evolution law of the uniaxial ultimate bearing capacity coefficient
for bucket foundations in double-layered clay soil can be obtained, as specifically illustrated in Figure 11.

1.5 20 F 20
12} 15 L5}F
>
F09}f FLof ZLoF
—=— =025 —*—1=05 —=— ;=025 —— =05 —=—7=025 —e—7=05
e = =
0.6_/ =075 —v—=1 sk —— =075 —v— 11 05k —4— =075 —v—r=1
7= 1.25 =15 7=1.25 =15 7= 1.25 =15
== L75 —e—iE2 —— =175 —e— =2 =175 —e—iE2
03 L L L L ] 00 L L L L ] OO L L L L ]
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
s s S
v H M

Figure 11. The relationship between the axial bearing capacity correction coefficient and the strength ratio of the upper and lower.

To simplify the calculation method for the uniaxial bearing capacity of bucket foundations in double-
layered clay soil, a soil strength correction factor de for uniaxial ultimate bearing capacity is introduced:

d(: = Nc,s /Nc,S:I (D

In the formula: N.s—uniaxial ultimate bearing capacity coefficient of bucket foundation in double-
layer soil; Nes=1—uniaxial ultimate bearing capacity coefficient of bucket foundation in single-layer soil.

By applying the least squares method to fit the curve in the figure, the mathematical expression between
the uniaxial ultimate bearing capacity correction coefficient dec and the undrained shear strength ratio of the
upper and lower soil layers can be obtained:

d =aS’+bS+c Q)

In the equation: a, b, c—fitting parameters. There are significant differences in the fitting results of
ultimate bearing capacity in different directions, and the parameter values are correlated with the depth-
diameter ratio of the bucket foundation. The specific fitting expressions are as follows:

a, =0.06n> —0.157-0.032
b, =—0.187" +0.587 +0.27 (3)
¢y =0.1217° - 0.437 +0.76

In the formula: av, bv, cv—fitting parameters for the vertical ultimate bearing capacity correction
coefficient dev;

a, =-0.077% +0.2357 - 0.24
b, =0.0757° —0.1577 +1.08 )
¢, =0.017* —=0.0977 +0.19
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In the formula: an, bu, cn—fitting parameters for the horizontal ultimate bearing capacity correction
coefficient dch;

ay, =—0.0777° +0.257-0.26
by =—0.0277° +0.097+0.91 (5)
cy =0.17° —0.367+0.39

In the formula: am, bm, cv—fitting parameters for the modification coefficient dem of ultimate anti-
overturning bearing capacity.

4. Composite Bearing Capacity of Bucket Foundation in Double-Layer Clay Soil

As a tall structure, wind turbines are subjected to combined environmental loads during operation. The
bucket foundation serving as the supporting structure typically uses bearing capacity failure envelopes
(surfaces) to characterize its composite bearing performance.

4.1. V-H Two-Dimensional Failure Envelope

Numerical calculations were conducted using the fixed displacement ratio method to analyze the
influence of foundation depth-to-diameter ratio and undrained shear strength ratio between upper and lower
soil layers on the ultimate bearing characteristics of bucket foundation under V-H combined loading. The
normalized V-H failure envelope of the bucket foundation was presented, with specific calculation results
shown in Figure 12.

12 _ 12
1.0 1.0
0.8 0.8
< 0.6 < 0.6
0.4 0.4
0.2 0.2
O'%.o 0:2 of4 Ot6 0:8 1.0 1.2 O'%.o 012 of4 0:6 0:8
A4
1.2 1.2
1.0 1.0}
0.8 0.8
< 06 < 0.6
0.4 0.4
0.2 02}
O’%.o otz of4 Ot6 ots 1?0 1?2 O'00.0 oiz of4 0:6 0:8 1.0 1?2
A% A%
(c) (d)

Figure 12. The normalized V-H failure envelope. (a) n = 0.25; (b) n =0.75; (¢) n = 1.25; (d) n = 2.
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As shown in Figure 11, within the range of S = 0.1~2, the normalized V-H failure envelope exhibits a
significant inward contraction with the continuous increase in the undrained shear strength ratio of the soil.
The depth-diameter ratio of the bucket foundation also exerts a certain influence on the failure envelope.
Specifically, as the depth-diameter ratio increases, the discrepancy between failure envelopes under
different undrained shear strength ratios of soil gradually diminishes. This indicates that a larger depth-
diameter ratio can, to some extent, reduce the influence of the undrained shear strength ratio of soil on the
shape of the V-H failure envelope.

4.2. V-M Two-Dimensional Failure Envelope

The influence of the foundation depth-to-diameter ratio and the undrained shear strength ratio of the
upper and lower soil layers on the V-M bearing capacity characteristics of the composite ground under the
bucket foundation was also analyzed. The normalized V-M failure envelope of the bucket foundation was
presented, with specific calculation results shown in Figure 13.

12 — 52 1.2
- —-5=1
S-e- 8205 1.0
—-—-8=0.2 0.8
§=0.1
< 0.6
0.4
0.2
0 1 1 1 1 L] 1 0 1 1 1 1 »1 1
0 02 04 06 08 10 12 0 02 04 06 08 1.0 12
\% \%
(a) (b)
12¢ — 52
- —-5=1
1.0 e S--- 8505
0.8 TN 802
B\ 5=0.1
< 0.6
0.4 3
0.2 0.2+ ]
0 1 1 1 1 L 1 0 1 1 1 1 {I 1
0 02 04 06 0.8 1.0 1.2 0 02 04 06 08 10 1.2
\% \%
(c) (d)

Figure 13. The normalized V-M failure envelope. (a) = 0.25; (b) = 0.75; (¢) n=1.25; (d) 5 = 2.

As shown in Figure 13, within the range of § = 0.1-2, the normalized V-M failure envelope exhibits a
clear outward expansion trend as the undrained shear strength ratio of soil increases. When the foundation
depth-to-diameter ratio is small ( < 0.75), the shape of the envelope varies significantly with changes in
the undrained shear strength ratio of soil, i.e., the smaller the undrained shear strength ratio of soil, the
poorer the symmetry of the envelope. However, as the foundation depth-to-diameter ratio increases, the
shapes of the envelopes under different undrained shear strength ratios of soil remain largely consistent,
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indicating that a larger foundation depth-to-diameter ratio can also reduce the influence of the undrained
shear strength ratio of soil on the shape of the V-M failure envelope to some extent.

4.3. H-M Two-Dimensional Failure Envelope

Based on the normalized failure envelope of the bucket foundation in the H-M load space, the evolution
of the ultimate bearing capacity characteristics of the bucket foundation under H-M combined loading with
respect to the depth-to-diameter ratio and the undrained shear strength ratio of upper and lower soil layers
can also be obtained, as shown in Figure 14.

— 5= 14, — 5= 20
R R
-2 5205 1.2 ----8=0.5
502 1,0 ——.s=02 15
5=0.1 p 5=0.1
8
s 0.6 s
04
!
| 02
L } 1 O 0 1 1 L 1 0 0 1 I 1 1
~15 -1.0 05 00 05 1.0 15 ~15-1.0-05 00 05 1.0 15 2.0
h h
(a) (b)
—— 52 25, —— 52 25,
R R
. S=0.5 2_0 - SZO.S 2.0
——-5=02 —-—-8=0.2
S=0.1 15 S=0.1 15
S s
1.0 1.0,
L 1 0 0 1 X 1 1 1 L ’,/ 1 0 0 1 X 1 1 1
~15-1.0-05 0.0 05 1.0 1.5 2.0 2.5 ~15-1.0-050.0 05 1.0 1.5 2.0 2.5
h h
(0 (d)

Figure 14. The normalized H-M failure envelope. (a) # = 0.25; (b)  =0.75; (¢) n = 1.25; (d) n = 2.

As shown in Figure 14, within the range of S = 0.1~2, the normalized H-M failure envelope gradually
expands outward with the continuous increase of the undrained shear strength ratio of soil, exhibiting a
distinct “eccentric” state. When both the foundation depth-to-diameter ratio and undrained shear strength
ratio of soil are small ( = 0.25, S < 0.2), the shape of the normalized H-M failure envelope for the bucket
foundation approximates a semicircle. However, as the undrained shear strength ratio of soil or foundation
depth-to-diameter ratio continues to increase, the H-M envelope gradually transitions from a “semicircular”
shape to an “eccentric” state.

4.4. V-H-M Three-Dimensional Failure Envelope Surface

The fixed displacement ratio method was also employed to investigate the bearing capacity envelope
surface of bucket foundations in the V-H-M load space, with vertical loads set at "= 0, 0.25 Vi, 0.5 Vur,
and 0.75 Vun, respectively. Based on this, the variation patterns of the V-H-M three-dimensional failure
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envelope surface of bucket foundations with respect to the embedment depth-to-diameter ratio and
undrained shear strength ratio of soil were studied. The specific calculation results are shown in Figure 15.
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Figure 15. V-H-M failure envelope. (a) # =0.25, S=0.1; (b) #=0.25,5=2;(¢) n=2,5=0.1; (d) n =2, S=2.

Figure 15 illustrates the size and shape of the failure envelope surfaces for bucket foundations in the
V-H-M load space under conditions of embedment ratio # = 0.25, 2, and undrained shear strength ratio of
soil §=0.1, 2. As can be observed from the figure, with increasing vertical load, the H-M failure envelope
gradually contracts inward, indicating that the increase in vertical load weakens the bearing capacity of the
H-M composite foundation to some extent, while having essentially no effect on the shape of the envelope.

When both the embedment ratio and the undrained shear strength ratio of upper and lower soil layers
are small (7 = 0.25, §=0.1), the H-M failure envelopes of bucket foundations under different vertical load
levels all exhibit a “semicircular” shape, as shown in Figure 13a. However, with the increase of either the
embedment ratio or the undrained shear strength ratio of soil, the H-M failure envelopes of bucket
foundations gradually display an “eccentric” pattern, and the degree of “eccentricity” becomes increasingly
pronounced. This indicates that in double-layer clay soils, both the undrained shear strength ratio of the
upper and lower soil layers and the embedment ratio of the foundation significantly influence the shape of
the H-M envelopes of bucket foundations under different vertical load levels.

5. Conclusions

The ultimate bearing capacity of bucket foundations in double-layered clay soil was analyzed using the
finite element method. The study systematically investigated the variation patterns of uniaxial and
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composite ultimate bearing capacities of bucket foundations in double-layered clay soil, while establishing
a calculation method for uniaxial ultimate bearing capacity. The main conclusions are as follows:

(1)

2

3)

4)

)

(6)

(7

The vertical bearing mode of bucket foundations is relatively less affected by the undrained shear
strength ratio of soil. The soil inside the bucket is strongly constrained by the foundation skirt, showing
a tendency of integral movement with the foundation under vertical loading. The failure mode of the
foundation primarily manifests as the Prandtl bearing mechanism.

The undrained shear strength ratio of soil relatively significantly influences the horizontal failure mode
of bucket foundations. As the embedment ratio of the foundation and the undrained shear strength ratio
of soil decrease, the restraining capacity of the skirt on the soil inside the bucket gradually weakens,
causing the failure mode to progressively transition from the Reserve Scoop mode to the Internal
Hansen mode.

Compared to the undrained shear strength ratio of soil, the depth-to-diameter ratio of the foundation
has a more significant influence on the failure modes of bucket foundations under overturning. As the
depth-to-diameter ratio increases, the failure mode gradually transitions from Scoop Slide mode to
Forward Scoop mode. Only when both the depth-to-diameter ratio and undrained shear strength ratio
of soil are small do partial characteristics of the Internal Double Scoop mode emerge.

The uniaxial bearing capacity coefficient of bucket foundations in double-layer clay soils exhibits an
approximately linear increasing trend with the rise of the undrained shear strength ratio of soil, and
this growth trend becomes more pronounced as the depth-diameter ratio increases. Based on this, a
calculation method for evaluating the uniaxial ultimate bearing capacity of bucket foundations in
double-layer clay soils is proposed.

The V-H and V-M failure envelopes of bucket foundations both exhibit an outward expansion pattern
with increasing undrained shear strength ratio of soil, while maintaining similar envelope shapes.
However, as the undrained shear strength ratio of soil increases, the H-M failure envelope demonstrates
a distinct “eccentric” characteristic. Additionally, as vertical load levels increase, the H-M failure
envelope of bucket foundations gradually contracts inward.

For offshore wind power projects in double-layer clay seabeds such as the Bohai Sea and Yellow Sea
in China, it is recommended to adopt a skirt penetration depth ratio of 7 = 1.0~1.5 for bucket foundation
design. This approach can balance vertical, horizontal, and overturning bearing capacities while
reducing construction difficulty in suction penetration, achieving an optimal balance between
engineering safety and construction costs.

This study still has certain limitations: Firstly, it only considers the scenario where the interface
between upper and lower clay layers is located at the end of the bucket foundation, without
investigating the influence of interface position changes on the bearing characteristics and failure
modes of the foundation. Subsequent research could explore extended studies with interfaces at
different positions, such as inside or outside the foundation. Secondly, the research conclusions are
only applicable to normally consolidated clay strata. The overconsolidation characteristics of clay can
alter its undrained shear strength and stress distribution patterns, so the applicability of this study to
overconsolidated clay still requires further verification.
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